Study Objectives: We aimed to investigate the effect of directed forgetting instruction on memory retention after a 2-hour delay involving a daytime nap or an equivalent amount of time spent awake. We examined the associations between sleep-specific oscillations and the retention of relevant and irrelevant study materials.
INTRODUCTION
During the last decade, a considerable body of evidence has been accumulated regarding the beneficial influence of post-learning sleep on memory reprocessing. [1] [2] [3] [4] [5] Sleep-dependent memory processing has been conceptualized as an adaptive mechanism to replay, consolidate, integrate, and reorganize past experiences 6 ; however, it can also be viewed as a kind of preparatory process in order to anticipate future events and to control future behavior. 7 Accordingly, recent studies indicate that sleep-related offline memory consolidation prioritizes emotionally salient [8] [9] [10] and potentially self-relevant materials. 11 Moreover, post-sleep memory performance is enhanced if the material is associated with an expected future reward. 12, 13 Other studies 14, 15 showed that sleep selectively facilitates the consolidation of those materials that are expected to be retested upon awakening. For instance, Wilhelm and colleagues 15 showed that sleep exclusively benefited memories that were expected to be tested after sleep. Importantly, this selective memory benefit was strongly associated with sleep-specific electroencephalographic (EEG) oscillations (low frequency activity and sleep spindles), suggesting that an active sleep-specific mechanism might contribute to the exclusive reinforcement of memory elements tagged "to be relevant." 16 A widely used behavioral task, the directed forgetting paradigm, 17 applies simple verbal instructions to manipulate the relevance of a previously encoded material, and hence, this paradigm seems to be an efficient tool to investigate the selectivity of sleep-related memory processing. The directed forgetting paradigm is a model case of intentional learning, where a participant has to keep in an active form of relevant information while has to suppress irrelevant information. Participants are able to produce an intentional suppression of successfully studied information by being informed which information is relevant and which is irrelevant from all the information they met during the entire experiment. 18 The robust effect of the directed forgetting instruction (superior retention of elements cued to be remembered in contrast to ones cued to be forgotten) was evidenced by two different procedures: the item-based and the list-based methods. In the itembased version of the task, 19 the instruction (forget or remember) is presented after each and every item (usually word pairs), whereas in the list-method paradigm, 17 the forget instruction
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Off-line memory consolidation is influenced by emotional, reward-related, and cognitive processes during encoding. Research indicates that sleep selectively facilitates the consolidation of memories that are relevant for the future. The directed forgetting paradigm is an efficient tool to manipulate the perceived relevance of previously encoded material; however, studies regarding the influence of sleep on directed forgetting are scarce. We applied the listmethod directed forgetting paradigm to compare the effect of a forget instruction after 2 hours involving wakefulness or a daytime nap. To the best of our knowledge, our study is the first to examine this paradigm in relation to sleep-specific cortical oscillations. Our findings indicate that spindle-related activity of NREM sleep and subsequent REM sleep seem to play a prominent role in the selective consolidation of relevant memories.
is presented after a list of items (usually words). In this latter case, participants are usually assigned into either of two groups: a "remember" or a "forget" group. In the former group, two lists of words are displayed with the instruction to memorize as many words as possible. In the "forget" group, the same two lists are shown, but after the presentation of the first list, participants are instructed to forget the whole list and only memorize the subsequently displayed list. At the recall phase, irrespective of the instruction, both groups are tested on the first and the second list as well. Typically, the forget instruction has two main effects: (1) attenuated recall of the to-be-forgotten list (ie, the first list) that is termed as the "cost" of the directed forgetting instruction and (2) enhanced recall of the to-be-remembered list (ie, the second list) in the forget group than in the remember group-also known as the "benefit" of the directed forgetting instruction. 20 Using the item-based directed forgetting paradigm, two studies have shown that both a daytime nap and a nocturnal sleep, relative to an equivalent time spent awake, selectively enhanced the consolidation of the to-be-remembered items. 21, 22 Furthermore, the successful differentiation between relevant and irrelevant items was associated with specific activations in hippocampal areas during encoding within the sleep group 21 and with fast (12-15 Hz) spindle activity over parietal regions during a post-learning daytime nap. 22 These results suggest that during encoding, verbal instructions defining memory elements as relevant or irrelevant activate hippocampal structures that in turn might determine the selectivity of subsequent memory consolidation during post-learning sleep. 21 Using the list-method directed forgetting paradigm, Abel and Bäuml 23 found that a nocturnal sleep between learning and retrieval eliminated the directed forgetting effect; however, the effect was present within the wake group where learning occurred in the morning and testing occurred on the same day in the evening. The inconsistency of findings between studies using the item-and list-based methods might be related to differences in sleep as a measured variable (daytime nap vs. nighttime sleep) but also to differences in cognitive processes. Whereas in case of item-based forgetting a selective rehearsal effect is assumed, 17 list-based forgetting is presumed to be driven by contextual effects 24, 25 or goal-directed retrieval inhibition. [26] [27] [28] Abel and Bäuml 23 argued that sleep promoted the elimination of contextual information (to be remembered vs. to be forgotten) and endured the previously acquired memories irrespective of their learning context. Although some findings support that such decontextualization of memories might occur during sleep, 29, 30 more recent studies reported maintained contextual effects on memory after one night of sleep. 31, 32 Additionally, other studies showed that sleep and sleep-specific oscillations facilitate the consolidation of contextual and "episodic-like" memories [33] [34] [35] and the consolidation of the contextual (episodic) aspects of encoded memories. 36 Given the paucity and inconclusiveness of previous studies, using the list-method directed forgetting paradigm, we examined memory for relevant and irrelevant words, after a 2-hour delay that involved a daytime nap or an equivalent amount of time spent awake. We assumed that the directed forgetting effect (ie, better recall performance for the relevant words) would be more pronounced after sleep relative to an equivalent time spent awake. Furthermore, in light of previous studies, 37 we hypothesized that sleep-specific oscillatory activity (low frequency activity and fast spindles) would predict memory performance for the word list tagged as relevant. Previous investigations clearly distinguished slow and fast sleep spindles as two separate electrophysiological phenomena in relation to regional brain activity and cognitive performance. [37] [38] [39] [40] Importantly, fast spindles were consistently related to off-line memory consolidation 22, 41 ; therefore, in our analyses apart from spectral power measures, we focused exclusively on fast sleep spindles.
METHODS

Participants
Participants were selected from a large pool of undergraduate students (native Hungarian speakers) recruited at the Budapest University of Technology and Economics or the Eötvös Loránd University (Budapest). Participants were enrolled after completing an online test battery that included the following questionnaires: the Athens Insomnia Scale (AIS), 42, 43 the sleep disturbance subscale (5th item) of the Pittsburgh Sleep Quality Inventory (PSQI), 44, 45 items about previous psychiatric, neurological, and chronic somatic diseases as well as questions about their regular medication consumption. The enrollment was based on the participants' scores on these tests (AIS score < 5, PSQI sleep disturbance [raw] score < 12, no prior history of neurological, psychiatric, or chronic somatic disorders and no regular medication [except contraceptives]).
Following the scoring of the online tests, 131 students participated in the experiment for partial course credits. Before statistical analysis, the data of participants exhibiting less than 20% of sleep efficiency (approximately <20 minutes spent asleep) were removed from the sample (N = 4). Participants who discovered or suspected that they will be tested on the "to-be-forgotten" list (unsuccessful "forget" instruction in the forget subgroup; N = 5), or learned less than 15% of the words (remembered 3 words or less out of 20; N = 9) were excluded from subsequent analyses. Additionally, one outlier-with an extremely long rapid eye movement (REM) duration of 43.67 minutes (>2 SD from the mean)-was excluded from the forget subgroup. The behavioral data of 112 students (44 men; age range = 18-35 years; M = 21.41, SD = 2.42) were analyzed. Participants were randomly assigned into either of four groups: nap (N = 58) or wake (N = 54) groups and remember (N = 57) or forget (N = 55) subgroups. Four participants were excluded from the sleep EEG analyses due to technical issues. Half of our participants (N = 27) slept through a full sleep cycle, entering REM sleep. Given that a daytime nap with or without REM sleep might not be functionally equivalent, and REM sleep could influence processes of sleep-specific memory consolidation, 37, 46, 47 we have also explored the behavioral differences between the participants who did and those who did not reach REM sleep.
The study was approved by the United Ethical Review Committee for Research in Psychology, Hungary, and written informed consents were obtained.
Procedure and Stimuli
The experiment took place at the sleep laboratory of the Cognitive Science Department of the Budapest University of Technology and Economics. Experimental sessions run between 12.00 pm and 4.00 pm. Participants came to the lab and were queried about their adherence to the requirements of the experiment (no caffeine and alcohol consumption for 24 hours prior to testing and at least 7 hours long sleep at the previous night). Only subjects who complied with these requirements participated in the study phase. Prior to testing, the Groningen Sleep Quality Scale 48 was assessed to measure previous night's sleep quality in each participant. None of the participants reported poor quality of sleep reaching the threshold required for exclusion (above 5 points).
A list-method directed forgetting paradigm was used (for similar arrangement, see 49 ) with two lists of Hungarian words as stimuli both containing 10 nouns, these being neutral, semantically unrelated within lists, and having unique initial letters. The two lists were presented on a computer screen, and the lists were combined with specific instructions for each subgroup: list A (as to be remembered or to be forgotten), list B (as to be remembered or to be forgotten). The order of the two lists (A and B) was counterbalanced across participants.
In the remember subgroup, the experimenter told the same instruction before both lists: "You are going to see words on the screen. Each word will be presented for 3 seconds (with a 3 sec delay between them) and then the program will proceed automatically. Your task is to memorize as many words as you can. Please push any button on the keyboard to start." Thereafter, they were presented with the first "to-be-remembered" list, and then, with the same to-be-remembered instruction, the second list was shown.
In the forget subgroup, the same instructions were provided as in the remember condition before both study lists, but a forget instruction was administered after List 1. More specifically, after the presentation of the first ("to be forgotten") list, a simulated error message appeared on the screen ("ERROR program is out of reach"). The experimenter did not interfere until the participants called for help to proceed. From this on the experimenter had a role to play, and the instruction before the second list was the following: "I don't know what happened. I have never seen this error message before, and I am afraid that I won't be able to fix this problem. I think my only option is to give you another list to study (which was working for the last participant, so it should work for you as well). So the next list will be the important list, please try to forget the previous one, because you won't need it later." After this forget instruction the second list was presented preceded by a remember instruction (same as in the remember subgroup).
After the study phase the participants of the wake group could return to their daily activities outside the lab. During this period they were asked not to repeat or recall the learned words. Following a 2-hour delay they came back to the lab and were tested on their memory performance (free recall of List 1 and then recall of List 2 orally). Before the recall of the lists participants of the forget subgroup were informed about the simulated program crash and were asked to recall both study lists, irrespective of the prior instruction to forget the first list. All of the participants were asked to recall List 1 first and then List 2. The experimenter recorded participants' responses. In the sleep group, the procedure had the following order: (1) the attachment of the electrodes, (2) study phase (similar to the wake group), (3) opportunity to spend a maximum of 2-hour long nap in the sleep laboratory (during which EEG activities were registered), and finally (4) the recall phase (free recall, similar to the wake group). If participants woke up before the end of the nap period, the resting session was usually not interrupted: participants stayed in bed and were given the opportunity to fall asleep again. However, record duration was not fixed: whenever a participant woke up after a longer recording period (>90 minutes), and was unable to fall back asleep for more than 10 minutes, the recording was interrupted and participant waited until the end of the delay period, and then proceeded with the recall session. To avoid the effects of sleep inertia, we have followed the recommendations of Ferrara and colleagues 50 : sleep was not interrupted at slow wave sleep (SWS), only at stages N1, N2, or REM, alerting factors were used (eg, lights, social interaction with the assistant), and recall session was always scheduled 10 minutes after awakening. On the other hand, if the participant slept through a full sleep cycle (including non-rapid eye movement [NREM] and REM sleep), sleep was interrupted before the initiation of a new sleep cycle.
Polysomnography
Before the study phase, participants of the sleep group were fitted with 9 EEG electrodes (F3, F4, Fz, C3, C4, Cz, P3, P4, Pz) according to the 10-20 electrode placement system, 51 as well as (bipolar) electrooculography (EOG) and electromyography (EMG) electrodes to measure eye-and muscle-related movements during sleep. Gold-coated Ag/AgCl EEG cup electrodes were fixed with EC2 Grass Electrode Cream (Grass Technologies, Natus Manufacturing Ltd., Galway, Ireland) and referred to the mathematically linked mastoid (A1, A2) electrodes. Impedances were kept below 8 kΩ. The electrophysiological data were recorded with Micromed SD LTM 32 Bs (Micromed S.p.A., Mogliano Veneto, Italy) and SystemPLUS 1.02.1098 software (Micromed Srl, Roma, Italy). Signals were collected, prefiltered (0.33-1500 Hz; 40 dB/decade anti-aliasing hardware input filter), amplified, and digitized with 4096 Hz/channel sampling rate with 16-bit resolution. Thereafter, the digitized and filtered EEG was downsampled at 256 Hz.
Spectral Power and Sleep Spindle Analyses
Sleep stages and conventional parameters of sleep macrostructure were manually scored according to standardized criteria. 52 Additionally, recordings were visually inspected on a 4-second basis in order to exclude technical-or muscle-related artifacts. Artifact-free 4-second epochs were Hanning-tapered and Fast Fourier Transformed (FFT) in order to calculate the absolute power spectral densities (µV 2 /0.25 Hz) for NREM (including Stage 2 and SWS) and REM sleep periods, separately. Since the absolute power values may be biased due to differences in the thickness-and thus the conductivity-of the skull, leading to disproportionate discrepancies between males and females, 53 we normalized our data by computing relative spectral power. Relative spectral power values were obtained for each frequency bin (width: 0.25 Hz) by dividing the absolute power of the given frequency bin with the total spectral power (the sum of the absolute power of the whole range of analysis between 1 and 31 Hz). For each channel the spectral power of the 0.25 Hz bins were summed up into traditional frequency ranges. Henceforth, relative spectral power values were extracted for the delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), sigma (13) (14) (15) (16) , and beta (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) bands.
In order to analyze sleep spindles, the individual adjustment method (IAM) 54 was applied for NREM (Stage 2 and SWS) sleep. This method was chosen because of the robust and stable interindividual differences in spindle activity (9) (10) (11) (12) (13) (14) (15) (16) . Instead of relying on fixed amplitude and frequency criteria, the IAM considers individual spectral peaks to detect spindles in each subject. 55 Additionally, the IAM defines frequency boundaries for slow and fast spindles separately. These individualized boundaries are used as frequency limits for slow and fast spindle band-pass filtering (FFT-based, Gaussian filter, 16 s windows) of the EEGs. Thresholding of the envelopes of the band-pass filtered recordings are performed by individual and derivation-specific amplitude criteria (see in more detail in [54] [55] [56] ). Spindle analyses were performed by a custom-made software tool for full night sleep EEG analysis (FerciosEEGPlus, © Ferenc Gombos 2008-2016). The software uses the above-mentioned IAM for spindle analysis and returns the individual spindle frequency borders (min. Hz, max. Hz), the spindle density (spindles/min), the average amplitude (μV), and the duration (average length in seconds) for slow and fasts spindles separately.
Statistical Analyses
Statistical analyses were carried out with SPSS 15.0 (Statistical Package for the Social Sciences, IBM) and R. 57 Normality of data distribution was verified by the skewness and kurtosis indexes as well as one-sample Kolmogorov−Smirnov tests. A 2 × 2 × 2 mixed-design analysis of variance (ANOVA) was applied to analyze recall performance with INSTRUCTION (Remember/ Forget) and SLEEP (Nap/Wake) as between-subjects variables and LIST (List 1/List 2) as a within-subjects factor. An additional 2 × 2 × 2 mixed-design ANOVA was applied to contrast participants with and participants without REM phase within the sleep group. Independent samples t tests were performed for post hoc analysis between the forget and remember groups and also between nap and wake conditions. Additionally, Pearson's correlations and (if the normality assumption was violated) Spearman's rank-order correlations were computed to verify if delta/sigma power as well as fast sleep spindles were associated with memory performance. To control for type 1 error produced by multiple correlations, we applied the Benjamini-Hochberg procedure to estimate false discovery rate (FDR) 58 for the correlations with spectral power bands and for different electrodes within each spindle parameter. EEG measures at multiple electrodes are expected to correlate positively, rendering a Bonferroni correction overly conservative. The BenjaminiHochberg procedure, on the other hand, is appropriate for both independent and positively correlated tests.
RESULTS
Behavioral Data
For recall rate, we found a significant LIST (List 1/List 2) × INSTRUCTION (Forget/Remember) interaction (F 1,108 = 16.96, p < .001, partial η 2 = 0.14), indicating that the applied manipulation-the instruction to forget the first list-was successful in terms of differentiating the two subgroups by the recall performance of the two lists. Post hoc tests showed that this interaction was mainly driven by higher recall of List 2 words within the forget subgroup (Mean remember = 36%, SD remember = 23.6, Mean forget = 47.8%, SD forget = 23.1; t 110 = −2.69, p = .008). The difference in recall rates for the List 1 words between the remember and the forget subgroups showed a trend (Mean remember = 47.4%, SD remember = 20.8, Mean forget = 40.5%, SD forget = 19.9; t 110 = 1.77, p = .08) (Figure 1 ). This pattern indicates that the benefit was more pronounced than the cost of the directed forgetting instruction. No significant main effects of SLEEP (Nap/ Wake) and INSTRUCTION (Forget/Remember) emerged. The LIST × SLEEP interaction and the three-way LIST × SLEEP × INSTRUCTION interaction were not statistically significant.
In order to further explore the effect of directed forgetting within groups, we examined the Nap and Wake groups by two, separate 2 × 2 ANOVAs. The LIST × INSTRUCTION interaction was significant in both the Wake (F 1,52 = 4.24, p < .05) and Nap (F 1,56 = 14.21, p < .001) groups. Within the Wake group the interaction explained a small portion, only 7% (partial η 2 ) of the variance, whereas in the Nap group the explained variance reached 20%. Post hoc comparisons showed that the only significant difference between the forget and remember subgroups emerged within the Nap group concerning the recall of List 2 items (Mean remember = 29%, SD remember = 19.7, Mean forget = 47.9%, SD forget = 22.8; t 56 = −3.37, p = .001). Difference in recall rate of List 1 within the Nap group (Mean remember = 45.3%, SD remember = 21, Mean forget = 40.4%, SD forget = 20.8; t 56 = 0.91, p = .37) was not significant. In the Wake group, differences regarding List 1 (Mean remember = 49.6%, SD remember = 20.8, Mean forget = 40.7%, Figure 1 -The amount of recalled words (%) from List 1 and List 2, after the 2-hour delay in the wake (in the left) and the sleep groups (in the right), and within these groups in the remember (dark gray bars) and forget subgroups (light gray bars). Significant interaction between the recall of the two lists and the instructions (forget or remember) indicates the directed forgetting effect after a 2-hour delay in both groups (sleep and wake). The effect is mainly driven by the benefit of directed forgetting-better recall for List 2 in the forget than in the remember subgroup-within the sleep group. Error bars represent 95% confidence intervals. Asterisks represent significance (p) of independent samples t tests: **p < .001. SLEEP, Vol. 40 
Directed Forgetting and Sleep Macrostructure
As shown in Table 1 , there were no significant differences between the sleep architecture of the two subgroups (Forget and Remember). After examining the sleep macrostructure we found that only half of the participants reached REM state during the nap. Given that naps with or without REM sleep might be functionally different, we performed an additional analyses within the Nap group in order to compare the subgroup of participants who reached (N = 27) with the subgroup who did not (N = 27) reach REM phase by a 2 × 2 × 2 mixed-design ANOVA. The presence of REM (With REM/Without REM) and INSTRUCTION (Forget/Remember) served as between-subject variables and LIST (List 1/List 2) as a within-subject factor. The interaction of LIST × INSTRUCTION (F 1,50 = 13.03, p < .001, partial η 2 = 0.21) as well as the three-way interaction of LIST × INSTRUCTION × REM (F 1,50 = 5.41, p = .024, partial η 2 = 0.10) were significant. The interaction was mainly due to higher recall rate of List 2 in the REM subgroup (see in Figure 2 ). In the subgroup without REM, the recall performance between the forget and remember subgroups did not differ (List 1: Mean remember = 46.2%, SD remember = 26.6, Mean forget = 40.7%, SD forget = 21; t 25 = 0.59, p = .55; List 2: Mean remember = 36.2%, SD remember = 21, Mean forget = 38.6%, SD forget = 22.1; t 25 = −0.29, p = .77), whereas in the group with REM phase significant difference was found between the List 2 recall performance of the forget and remember subgroups (List 1: Mean remember = 45%, SD remember = 15.1, Mean forget = 36.9%, SD forget = 1.93; t 25 = 1.22, p = .24; List 2: Mean remember = 27.1%, SD remember = 16.4, Mean forget = 55.4%, SD forget = 19.8; t 25 = −4.05, p < .001). These effects remained significant irrespective of the duration of sleep as verified by a 2 × 2 × 2 analysis of covariance (ANCOVA), in which sleep duration was entered as a covariate in the model. This pattern of results indicates that the directed forgetting effect was more pronounced within the group of participants that reached REM phase during the nap. Given that REM sleep seemed to be associated with the benefit of directed forgetting, we performed a correlation analyses within the REM group. Specifically, we examined the correlations between REM duration (min) and recall performance in the remember and forget subgroups. Significant correlation emerged between the time spent in REM and the recall rate of List 1 (r 14 = 0.597, p = .024) in the remember subgroup. In the forget subgroup, REM duration positively correlated with the retention of List Significant three-way interaction between the recall of the two lists (List 1 and List 2), the instruction (forget or remember), and REM phase (with REM or without REM) emerged. As visualized, the directed forgetting effect was mainly due to the benefit of directed forgetting-better recall for List 2 in the forget than in the remember subgroup-within the with REM group only. Error bars represent 95% confidence intervals. Asterisks represent significance (p) of independent samples t tests: **p < .001. NREM = non-rapid eye movement; REM = rapid eye movement.
2 (r 13 = 0.625, p = .022) (see Figure 3) . Duration of total sleep time, NREM sleep, S1, S2, or SWS duration were not associated to memory performance. Correlations with REM duration remained significant after FDR correction for multiple comparisons.
Spectral Power and Sleep Spindles
To reduce the number of statistical tests, we performed a principal component analyses for each traditional frequency band (delta, theta, alpha, sigma, beta) within the frontal (F3, F4, Fz), central (C3, C4, Cz), and parietal (P3, P4, Pz) sites, separately. Relative spectral power values weighted by their respective factor loadings were summed up in each region and frequency band. We analyzed correlations between relative spectral power and List recall within the two subgroups. No significant correlations emerged within the remember subgroup, whereas in the forget subgroup sigma activity was associated with recall performance. Central (r 27 
Gender Effects
Due to the substantial gender differences in our sample, we verified if these effects were influenced by the distribution of gender. No interaction of GENDER × INSTRUCTION × LIST (F 1,104 = 0.002, p = .966) or GENDER × SLEEP × INSTRUCTION × LIST (F 1,104 = 0.693, p = .407) emerged indicating that gender did not modulate to the effect of directed forgetting. Moreover, due to previously reported sexual dimorphism concerning the relationship between cognitive functioning and sleep spindles, 48 we examined the correlations between spindle amplitudes and word retention in males and females, separately. Gender did not influence the correlations between fast spindle amplitudes and memory performance.
DISCUSSION
The aim of the present study was to examine the consolidation of relevant and irrelevant memories after a 2-hour delay that involved a daytime nap or an equivalent amount of time spent awake with the aid of the list-method directed forgetting paradigm. Our results indicate that the directed forgetting effectrelatively decreased retention of the first list and increased retention of the second list in the forget group compared to the remember group-emerges after a 2-hour delay spent awake. This effect was also evident and even more pronounced (on a descriptive level) if participants spent an afternoon nap between the learning and recall sessions. Moreover, memory performance within the forget subgroup was associated with specific oscillatory patterns (sigma power and posterior fast spindle amplitude) of NREM sleep as well as with the duration of REM sleep. More specifically, the recall rate of the to-be-remembered words was predicted by higher spindle amplitude, higher sigma power, and longer REM duration. Whereas the recall rate of the to-be-forgotten words was only correlated with higher spindle amplitude. Interestingly, in case of the remember subgroup in which participants considered both lists equally relevant for subsequent recall, only REM duration was associated (positively) with the recall of the first list. Given that in our sleep group only half of our participants reached REM sleep, we inspected the behavioral data of participants that did with the ones that did not exhibit REM sleep during the nap. These additional analyses revealed that the benefit of the directed forgetting instruction, that is, relatively enhanced recall of the to-be-remembered (relevant) words, seemed to be dependent on the presence of REM phase, irrespective of the total amount of sleep.
Our results are in line with earlier findings indicating that memories may not equally benefit from sleep. Off-line memory consolidation seems to be a selective process prioritizing certain memories over others. 50 Recent studies indicate that sleep-dependent memory consolidation is facilitated if the memory is perceived as relevant. [14] [15] [16] 59, 60 Accordingly, participants within the forget subgroup considered exclusively the second list as relevant, and the benefit of the directed forgetting instruction, that is, relatively higher recall of relevant words, only emerged within the sleep group, specifically in the subgroup that reached REM phase. This finding corroborates results of previous studies focusing on the consolidation of relevant material and emphasizes the role of REM sleep in the process of selective memory consolidation. 37 Our results indicate that the forget instruction within the sleep group has no significant effect on the retention of the to-be-forgotten list (ie, the recall of the first list, reflecting the "cost"), only on the to-be-remembered list (ie, the second list, reflecting the "benefit"). These findings indicate that sleep protects relevant memories from forgetting, but does not seem to increase forgetting of irrelevant memories. This pattern of recall performance is in line with earlier studies using different memory paradigms, indicating that sleep exerts a positive influence on the retention of to-be-remembered items, but does not reduce the accessibility of to-be-forgotten ones. 22, 60 Given that sigma power and spindle amplitude reflect overlapping sleep EEG indices, their positive correlation with memory performance is in line with previous data showing that sleep spindles are associated with memory consolidation and related cognitive abilities. 56, [61] [62] [63] Moreover, these results are coherent with studies indicating that fast spindle activity-mainly at the posterior areas-has a prominent role in the consolidation of relevant information. 22, 64 However, we should note that spindle amplitude within the forget group was also correlated with the recall of the to-be-forgotten list, suggesting that the relationship between selective memory consolidation and sleep spindling is more complex.
To the best of our knowledge, only one previous study applied the present procedure (the list-method directed forgetting paradigm) to examine the influence of sleep on intentional forgetting. 23 In sharp contrast to our results, Abel and Bäuml 23 found that nocturnal sleep eliminated the directed forgetting effect, whereas it was still present after a same amount of time spent awake. In contrast, in our study, the same recall pattern emerged after both sleep and wakefulness. Moreover, the explained variance of the recall rate of List 1 and List 2 due to the forget instruction was larger within the sleep group. The discrepancies between the results of these two studies could be explained by differences in the applied methods.
First of all, in Abel and Bäuml's 23 experiment, 16 words were used per list in the study phase that included two learning cycles from which 8 target words were randomly selected for the recall phase (initial letter cued recall). Only the recall performance of these 8 words was than included in the data analysis. In our experiment, all the words (10) which were studied were tested (in a free recall task) and analyzed. The most striking difference between the present study and Abel and Bäuml's 23 works was the specific form of final testing. In the present study, participants were cued by the context of study lists (recalling items from List 1 or List 2), and this kind of instruction might allow participants to rely more on the temporal and spatial context of the study list, and consequently to use intra-list relational processing during free recall. 65, 66 In contrast, in Abel and Bäuml's 23 study, the initial letters of target items were used as cues that might have facilitated the accessibility of item-specific information instead of relational, contextual aspects. 65 Additionally, the sleep group in Abel and Bäuml's 23 study spent a whole night sleep at home, whereas our participants slept during the afternoon in the sleep laboratory. Daytime nap and nocturnal sleep are considerably different in their length and the variability of their architecture, which render comparisons difficult. Furthermore, the possibility still remains that the directed forgetting effect lasts through a short time of (2 hours) delay, but disappears in the long term (12-hour delay) due to nighttime sleep. Further investigations are still needed to clarify the long-term effects of directed forgetting.
Finally, Abel and Bäuml's 23 participants were sleeping at home, whereas our participants spent their nap in the laboratory. We might speculate that a laboratory nap spent in the same place where learning and recall occurs could exert a qualitatively different influence on off-line memory reprocessing than a sleep spent in another context. We might assume that the similar environmental context might have boosted memory reactivation processes during sleep. Following this logic (given that our participants of the wake group left the laboratory after learning), we cannot exclude that such contextual effects attenuated the directed forgetting effect in the awake group.
Our results are consistent with the "active consolidation theory," 1, 37 which implies that both NREM and REM sleep contribute to the consolidation of newly encoded memories. According to this theory, coalescent oscillations during NREM sleep (including cortical slow oscillations, thalamo-cortical spindles, and hippocampal sharp wave-ripples) facilitate cortical plasticity, more specifically, the reactivation and integration of newly acquired (hippocampal-dependent) memories into preexisting (neocortex-dependent) long-term memories. 67 Furthermore, the theory assumes that after the redistribution of hippocampus-dependent memories into neocortical networks (system consolidation) memories are strengthened during REM state, due to plasticity-related early-gene activity fostering synaptic consolidation. 1 We might speculate that the associations between sigma power/spindles and memory performance reflect the process of spontaneous reactivation, whereas associations with REM duration indicate the process of strengthening; however, future studies manipulating the extent of sleep spindling and REM sleep should directly verify or refute these assumptions.
Interestingly, sigma power and spindle amplitude were associated to memory performance exclusively within the forget subgroup, whereas only REM duration emerged as a positive correlate of word retention within the remember subgroup.
Differences in memory processes operating in the forget and remember subgroups 68 could provide a possible explanation for this discrepancy. Whereas participants in the remember subgroup perceive both lists as relevant, individuals within the forget subgroup consider the first list as irrelevant and the second as relevant. 18 Additionally, the forget instruction might generate two different contexts for the two lists that might function as contextual "tags" during encoding. 69 Conversely, in case of the remember subgroup, the same instruction is attached to both lists, and hence, it is less likely that the two lists are encoded as separate episodes with different contextual information.
It is tempting to speculate that in case of the forget subgroup correlations with sigma power/spindle amplitude (with List 1 and List 2 words) reflect sleep-dependent spontaneous reactivation of memory elements indexed by their contextual "tags" (process of system consolidation). These contextual tags might facilitate the differentiation of relevant and irrelevant materials, from which the former could be strengthened by subsequent REM periods (process of synaptic consolidation). Thus, within the forget group, the positive association between REM duration and the retention of the relevant list (List 2) might index synaptic strengthening that operates on memories tagged as relevant. Although the mechanism underlying the list-based directed forgetting effect is far from being clarified, 24, 27 studies indicating that sleep and sleep-specific oscillations preferentially facilitate contextual (and hippocampus-dependent) memories are in line with the above assumption. 33, 35, 36 Within the remember subgroup, however, REM duration was associated with the retention of the first list, and no correlations with sigma/spindle amplitude emerged. We can assume that in this case, due to the lack or lower availability of different contextual tags, relatively enhanced consolidation of the first list might reflect list primacy effect, 70 that is, superior reactivation of the first list of words as a consequence of building up proactive interference. 71 Moreover, a subsequent REM sleep could strengthen the consolidation of these reactivated memory elements. The influence of REM sleep in the consolidation of repeatedly reactivated memories was evidenced in a study by Fischer and colleagues. 60 This study examining the think/no-think paradigm in relation to sleep showed that REM-rich sleep strengthened the consolidation of items that were instructed to be suppressed but were presented multiple times. Multiple presentations of the items might have strengthened the memory elements and REM sleep could have contributed to the consolidation of repeatedly reactivated memories. 60 In contrast to previous studies, 15 delta power did not predict the retention of the relevant list. Although slower oscillations might have a beneficial influence on memory consolidation during a nocturnal sleep, 1 we should note that a daytime nap mainly contains epochs of Stage 1 and Stage 2 and only short periods of SWS. 72 In healthy individuals, the presence of SWS during nap is highly variable between subjects in contrast to the relatively robust ratio of SWS during nighttime sleep. Given that delta activity is mainly present during SWS, delta power might play a less prominent role in memory consolidation during nap than during nighttime sleep.
Although we suggest that the presented correlations between memory performance and sleep EEG indices reflect processes of memory consolidation, this interpretation needs to be treated with caution. Due to the design of the list-based directed forgetting task, a pre-sleep test was not possible and hence, the correlations between word retention and EEG markers might not exclusively reflect sleep-dependent memory consolidation, but also trait-like measures such as general learning capacity. 73, 74 The separation of state-like and trait-like effects on sleep EEG oscillations is also hindered by the lack of an adaptation nap. The inclusion of a baseline nap might have allowed us to examine how learning and directed forgetting instruction influence sigma power, sleep spindles, or REM sleep. Moreover, the time period that the awake participants spent between learning and recall was not standardized (they could return to their daily activities), making the wake group less homogeneous, and the influence of interference less controlled. Nevertheless, an interference-based interpretation cannot fully explain the pattern of results that we have obtained. Interference might generally reduce the retention of previously encoded items; therefore, we should expect a main effect of group (better memory performance in the sleep group on a global level, regardless of the effects of the forget instruction), but our findings indicate otherwise.
We aimed to minimize the effects of sleep inertia within the sleep group, delaying the recall session by 10 minutes after awakening. Sleep inertia was originally reported to be a short-lasting phenomenon [75] [76] [77] ; however, others argued that it could extend up to an hour. Nevertheless, long-lasting effects of sleep inertia were reported mainly after extended wakefulness, evening naps (due to circadian effects), or in studies focusing on alertness and reaction times. 50 Although these factors were not present in our study, the influence of sleep inertia should be investigated in further experiments.
In spite of these limitations, to the best of our knowledge, this is the first study that examined the directed forgetting effect (using a list-based paradigm) after a daytime nap in relation to sleep stages and sleep-specific cortical oscillations. In sum, our findings indicate that the benefit of directed forgetting persists after a 2-hour delay spent asleep. Furthermore, sleep-specific oscillations (sigma activity and sleep spindles) and REM sleep seem to play a prominent role in the facilitation of declarative, contextualized memory processing.
